Parasitic infections were studied for the first time in an urban population of brown rats (Rattus norvegicus) from Doha. Only one species of helminth was found, the cestode Hymenolepis diminuta, and one ectoparasite, the flea Xenopsylla astia, from a sample size of 136 rats (52 males and 84 females). The prevalence of H. diminuta was 17.6%, increasing with host age but not in relation to host sex nor season of capture. Host age was a key factor in influencing abundance of infection, although there was a significant three-way interaction with season and host sex arising through heavy infections in juvenile male rats in the summer. The prevalence of X. astia was 45.6%, although both prevalence and abundance of infestations were season and host age dependent. In the winter prevalence and abundance were similar in both host age and sex groups, but in the summer both parameters of infestation were markedly higher among juveniles compared with adults. We found evidence for some association between these two species: H. diminuta was more prevalent among rats with fleas than among those without, although this association was season-, and independently sex-and age-dependent. There were no quantitative interactions and reasons for this are discussed in relation to the foraging and breeding behaviour of the brown rat in Qatar.
Introduction
Although the ecology of helminth parasites in small rodent populations inhabiting temperate regions of Europe are well documented (Kisielewska, 1970; Haukisalmi et al., 1988; Montgomery & Montgomery, 1990; Behnke et al., 1993; Webster & MacDonald, 1995; AbuMadi et al., 1998) reports on small rodent parasites from the Middle East and African countries usually represent no more than species lists. Despite extensive information on the helminth fauna (Myers et al., 1962; Sinniah, 1979; Zakaria & Zaghloul, 1982; Seong et al., 1995) , there is relatively little comparable data on the ecology of helminths in rodents living in hostile and arid regions in the Middle East and Africa (Greenberg, 1969; Erhardova-Kotrla & Daniel, 1970; Werthein & Greenberg, 1970) . Among the more comprehensive studies on brown rats from arid regions in which ecological factors affecting parasite burdens were taken into account are those from Egypt (Fahmy et al., 1969) and Kuwait (Zakaria & Zaghloul, 1982) . With the exception of Behnke et al. (2000) almost nothing is known about the relative factors responsible for variation in the parasite infra and component community structures of small rodents inhabiting these regions.
Three species of commensal rodents are distributed worldwide: the brown rat (Rattus norvegicus), the black rat (Rattus rattus) and the house mouse (Mus musculus) (Brooks & Rowe, 1987) . The Norway or brown rat is a gregarious species and under very favourable conditions colonies of several hundred strong may develop. Norway rats are the common urban and rural rats of temperate regions of North America and Europe, living both indoors and outdoors. In tropical areas, Norway rats mainly exist in coastal seaports and irrigated agricultural areas. In towns and villages they occur in garbage dumps and other refuse, around cesspits, in sewer systems and storm drains (Brooks & Rowe, 1987) .
Almost nothing is known about the diseases of the brown rat in Qatar. The diversity of their distribution in both urban and rural areas in particular, their exposure to and exploration of different food materials of both human and non-human origin, and other factors affecting their ecology may expose them to a diversity of parasitic infections. We reported here the results of our preliminary investigations into the diversity of parasitic infections of the most common rodent in Qatar, the brown rat, Rattus norvegicus and their possible zoonotic and public health importance. Our second objective is to test the hypothesis that in addition to intrinsic factors (host sex and age), an extrinsic factor (season) plays a major role in determining parasite burdens.
Materials and methods

Collection of rats and parasites
Trapping was carried out in the vicinity of a food market at Abu-Hammour on the outskirts of Doha for 6 days at 2-month intervals from June 1998 to April 1999. Fifty cage-traps, each provided with cheese and tuna for prebaiting, were used on each trapping night.
Rats were retrieved from traps and killed by exposure to a piece of chloroform-soaked cotton wool. For each rat examined, the date of trapping, body length (head and body), and sex were noted. For analysis, rats were separated into two age-weight groups, juveniles (,100 g) and adults (.150 g), as previously described by Brooks & Rowe (1987) and season was separated into summer (April±August) and winter (October±February). Rats, including the ears, were examined for ectoparasites (fleas, lice, mites and ticks) and collected by fine-toothcombing. Ectoparasite samples were also collected from the killing bag, fixed in 10% formalin and each species later identified by microscopical examination. The alimentary canal was then removed for further examination and the eviscerated body weight of each animal was recorded. The small intestine from pyloric sphincter to caecum was separated from the surrounding fat tissue and placed in a Petri dish containing physiological saline. The small intestine was opened longitudinally and examined for helminth parasites under a low power binocular microscope. Parasites were carefully removed, identified and counted. The prevalence (percentage of rats infected), mean abundance of infection (including uninfected rats) and the frequency distribution of parasites were then calculated.
Statistical analysis
Frequency distributions of individual species were tested for goodness of fit to negative binomial, positive binomial and Poisson models by x 2 as described by Elliott (1977) and the negative binomial exponent k is given as appropriate. The variance to mean ratio (Index of Dispersion I) is also given. The degree of aggregation in the data was calculated by the Index of Discrepancy (D) as described by Poulin (1993) (a value of 0 indicates an even distribution of counts across all hosts and a value of 1 indicates all parasites aggregated in a single host).
Prevalence was analysed by maximum likehood techniques based on log linear analysis of contingency tables implemented by the software package, Statgraphics Version 7. Beginning with the most complex model, involving all possible main effects and interactions, those combinations which did not contribute significantly to explaining variation in the data were eliminated stepwise beginning with the highest-level interaction. A minimum sufficient model was then obtained, for which the likelihood ratio of x 2 was not significant, indicating that the model was sufficient in explaining the data.
Parasite burdens were expressed as geometric means GM^95% confidence limits (CL) of eggs per gram of faeces (epg) because the data were overdispersed (Elliott, 1977; Dash et al., 1988) . In some cases arithmetic mean and standard errors of the means are also provided. These means reflect the abundance of infection as defined by Margolis et al. (1982) and include all subjects within the specified group, infected and not infected, for which relevant data were available. Abundance data were analysed by GLIM (a statistical system for generalized linear interactive modelling; GLIM 4, PC version, Royal Statistical Society, 1993) as described previously, using models with normal errors after normalization of the data by log 10 (x+1) transformation (Crawley, 1993; De Clercq et al., 1997 , Abu-Madi et al., 1998 . Host sex (two levels, male or female), host age (two levels, juvenile or adult) and season (two levels, winter or summer) were entered as factors. For models with normal errors the change in deviance is divided by the scale parameter and the result divided by the change in degrees of freedom (df) following each deletion, to give a variance ratio, F.
For quantitative analysis of associations between parasites, we saved the residuals from minimum sufficient three-or two-way ANOVAs, as appropriate for individual species, in order to control for established differences between the seasons, host sex and age. These were examined by rank order correlation analysis (Spearman's).
Results
A total of 136 R. norvegicus, 52 males and 84 females, were trapped of which 44.9% n 61Y 18 males and 43 females) were classed as juveniles. Sixty two rats were captured in the summer (season 1) and 74 in the winter (season 2) periods.
Total species richness
Surprisingly, only one helminth species (Hymenolepis diminuta) was recovered prevalence 17X6%X Forty five percent of the rats also carried the flea Xenopsylla astia.
Hymenolepis diminuta
Twenty four rats harboured H. diminuta ((17.6%); 11 male (21.2%) and 13 female (15.5%)). Analysis of the prevalence of infection in adult rats in respect of three factors, season (two levels), sex (two levels) and age (two levels) gave a minimum sufficient model which incorporated only one term involving infection, the age Â infection interaction (table 1) . Adult rats had a higher overall prevalence of infection compared with juveniles, but there was an exception among male rats captured in summer ( fig. 1A ), when prevalence was almost identical among juveniles and adults. In fact, this relatively high prevalence among male juveniles arose through a small sample size in this season in which two out of the nine male juvenile rats carried H. diminuta and one of which carried the heaviest parasite burden of all (45 worms). There was no overall effect of host sex on prevalence and no difference in prevalence between the seasons (table 1) .
The arithmetic mean worm burden across the whole dataset was 1X7^0X5 (GM 0X4Y 95% CL 0.3±0.7) and the variance/mean ration I 18X0X The tapeworm H. diminuta was highly aggregated in the host population D 0X89; k 0X099^0X026 and x 2 2X3Y df 2Y P NSX For this reason, abundance of infection was analysed by a three-way ANOVA in GLIM on log 10 (x+1) transformed data. This analysis revealed that the three-way interaction was just significant F1Y 129 4X359Y 0X05 . P . 0X025X No other interactions were significant but there was also a significant strong main effect of age (F1Y 133 7X271Y P , 0X01X Figure 1b shows that the overall picture was compounded by the unusually high worm burden in the juvenile male rats in summer. With this taken into account, the age effect arose because of higher worm burdens in adult compared with juvenile rats in the winter and among adult females in the summer. There was no seasonal effect nor any significant interactions with season apart from the three-way interaction.
Xenopsylla astia
Sixty two rats harboured X. astia (45.6%). Analysis of prevalence generated a minimum sufficient model with two terms as shown in table 2, one of which incorporated infection; there was a significant interaction between season and age on infection. Although in the winter rats of both sexes and both age classes showed much the same prevalence of infestation, in the summer months juveniles of both sexes exhibited a higher prevalence compared with adults ( fig. 2A) .
The overall arithmetic mean for abundance was 2X80 X5 GM 1X2Y 95% CL 0.9±1.6) and a variance/mean ratio (I) of 10.4, but the distribution did not conform to the negative binomial k 0X268^0X046Y x 2 12X8Y df Probability that excluding the combination in source of variation will make a significant difference to the model. 4 Probability that the data does not differ significantly from the minimum sufficient model described by the principal interactions listed under sources of variation.
Fig. 1. Variation in prevalence (A) and abundance (B) of infection
with Hymenolepis diminuta, in two age classes of male and female rats sampled in the summer and winter seasons (r, juveniles; A, adults).
5Y P , 0X025; D 0X74Y although this was the closest fit of the distributions tested. We analysed the abundance of flea infestations by a three-way ANOVA in GLIM on log 10 (x+1) transformed data. This analysis revealed that there was a significant main effect of age F1Y 133 6X790Y P , 0X01 and this is apparent in fig. 2B where the means are higher in juvenile compared with adult rats throughout. However, there was also a significant two-way interaction between season and age F1Y 131 6X768Y P , 0X01 and this arose because the means of the two age groups were close in the winter (GM for juveniles and adults 1.3 and 1.2, respectively) contrasting with the much lower mean among adults and higher mean among juveniles in the summer (GM for juveniles and adults 2.2 and 0.3, respectively).
Association between H. diminuta and X. astia We tested the idea that H. diminuta and X. astia may be associated with each other in particular animals. First we conducted a log-linear analysis using the presence/ absence data for both species and incorporating all the factors known to influence them. The outcome is summarized in table 3 and this shows that three interactions are required for the minimum sufficient model. Two of these interactions involve both parasites but whilst they are independent of each other, neither is independent of other factors. Thus, whilst H. diminuta was more prevalent among rats with fleas (21.0%) than among those without fleas (14.9%), this overall finding was compounded by a marked seasonal difference; the prevalence of H. diminuta was higher among rats carrying fleas in the winter and lower in the summer ( fig. 3B , the season Â H. diminuta Â X. astia interaction). The second interaction involving both species was more complex and dependent on both host sex and age. As can be seen from fig. 3A , prevalence of H. diminuta was higher in adult rats of both sexes among individuals Probability that excluding the combination in source of variation will make a significant difference to the model. 4 Probability that the data does not differ significantly from the minimum sufficient model described by the principal interactions listed under sources of variation.
Fig. 2. Variation in prevalence (A) and abundance (B) of infection
with Xenopsylla astia, in two age classes of male and female rats sampled in the summer and winter seasons (r, juveniles; A, adults). Probability that excluding the combination in source of variation will make a significant difference to the model. 4 Probability that the data does not differ significantly from the minimum sufficient model described by the principal interactions listed under sources of variation.
carrying fleas compared with those without fleas. However, among juvenile rats H. diminuta was found only among females with fleas (2/27) and among males without fleas (2/10). However, the last class was relatively small, as was that of juvenile males without fleas n 8X Quantitative interactions were first examined by Spearman's rank order correlational analysis using raw abundance data from the 13 rats which carried both species. This gave r s 0X38Y n 13Y P NSX However, the abundance of each species was shown earlier to be affected by various combinations of factors, and hence associations may have been obscured by the compounding effect arising from seasonal, host age and sex influences on parasite burdens. Hence, in the next step, we ran a correlational analysis on the residuals from minimum sufficient ANOVAs in GLIM for each species (to control for the compoundings effects of age, sex and season, where these were significant). This analysis did not support the existence of quantitative interactions between H. diminuta and X. astia r s 0X187Y n 13Y P NSX
Discussion
Although the helminth parasites of the brown rat, R. norvegicus, from Egypt (Fahmy et al., 1969) and Kuwait (Zakaria & Zaghloul, 1982) have been studied previously, none of these studies provide detailed quantitative information on helminth component community structures, range of variation in infracommunity structures nor probe the underlying ecology of the host±parasite systems involved in depth. We are not aware of any detailed quantitative data on parasitic infection in brown rats from Arabian Gulf countries which consider such effects as host age, sex and seasonal fluctuations in parasite numbers that contribute to a picture of the ecological relationships between the hosts and parasites concerned. Our quantitative analyses of parasite burdens therefore make novel contributions to the understanding of the ecology of the parasitic infections in an urban population of brown rats inhabiting the harsh, arid environment in the outskirts of Doha, Qatar.
Previous studies on the helminth parasites of R. norvegicus (Fahmy et al., 1969 in Egypt; Seng et al., 1979 in Malaysia; Zakaria & Zaghloul, 1982 in Kuwait; Seong et al., 1995 in Korea; Webster & MacDonald, 1995 in the UK) and R. rattus (Seng et al., 1979 and Sinniah, 1979 in Malaysia; Udonsi, 1989 and Mafiana et al., 1997 in Nigeria) have demonstrated the presence of a large parasite fauna and wide helminth species diversity in host populations, primarily dominated by nematodes and cestodes and to a lesser extent by trematodes and acanthocephalans (Fahmy et al., 1969) . Consistent with our findings, the cestode H. diminuta has, in general, been found to be a dominant member of the helminth communities of R. norvegicus, especially in rat populations examined from a variety of habitats in Egypt (Fahmy et al., 1969) where up to 67% of rats were infected with H. diminuta and up to 59.2% of the rat population harboured multiple infections comprising six trematode, six nematode, three cestode and one acanthocephalan species. Zakaria & Zaghloul (1982) also recorded multiple helminth infections in up to 40% of R. norvegicus in Kuwait and up to 20% of rats were infected with H. diminuta in association with four cestode and three nematode species. Seong et al. (1995) found up to 32.5% of R. norvegicus infected with H. diminuta in farm habitats in Korea and this included concurrent infections in 83.7% of rats with at least one other cestode and nematode species. In their survey in the UK, Webster & MacDonald (1995) reported that up to 22% of farm R. norvegicus were infected with H. diminuta together with multiple infections of up to five nematode and two other cestode species. However, the helminth community in the UK study was dominated by nematode species especially the pinworm Syphacia muris with a prevalence of 67%. Nematodes were also dominant in Egyptian rats (Fahmy et al., 1969) where prevalences of 78% and 65.9% were recorded for trichuroid and spiruroid species respectively.
The monoxenous nature of the life cycle of nematodes may be responsible for this parasitic group dominating the helminth community of small mammals worldwide, especially rodents (Lewis, 1968 (Lewis, , 1987 Lewis & Twigg, 1972 ; Behnke et al., 2000). Behnke's work in Sinai, Egypt recorded six species of helminths in Acomys sp. with the spirurids, which are heteroxenous, being the dominant species present in spiny mice. Perhaps surprisingly, the trend in Qatar is different as no nematode infections were found to occur in brown rats and the helminth component community was dominated by a cestode.
The most interesting aspect of our findings was the single infection of R. norvegicus by H. diminuta. The results were particularly significant not only because H. diminuta is a potential source of infection to the human population in Doha but also this is the first report of a single helminth species infection in a wild host population and hence of particular interest to parasitologists working in the field of community ecology and epidemiology. This tapeworm, H. diminuta can be transmitted from rodents to humans, particularly children (Welch, 1972; Chomel, 1992; Tena et al., 1998) . Infection of mammalian hosts, including humans, occurs when infected intermediate hosts (usually flour beetles) are inadvertently consumed in food. Furthermore, one ectoparasite, the flea X. astia, was also identified and this is particularly significant as X. astia is also a zoonotic parasite capable of transmitting diseases from rodents to humans (Acha & Szyfres, 1987; Brooks & Rowe, 1987; Webster & Macdonald, 1995) . The study described in this paper focused on the contibution of one extrinsic (season) and two intrinsic (age and sex) factors in attempting to explain the prevalence of, and variation in abundance of, H. diminuta and X. astia among brown rats from Qatar. These factors interact in various combinations to shape the component of community structure in a given habitat at a specific time (Abu-Madi et al., 1998 Behnke et al., 1999 Behnke et al., , 2000 . Seasonal variation in the prevalence and abundance of H. diminuta throughout the year is influenced by a combination of factors, including the variation in ingestion rates of infective stage and host population changes, breeding period, age, sex and foraging activity of hosts. Our statistical analysis revealed that neither H. diminuta nor X. astia showed any clear independent seasonal patterns in prevalence. Both showed similar prevalence in the summer and the winter although the pattern was different in some subsets. There was no seasonal effect on abundance of H. diminuta infection nor any significant interactions with season apart from the three-way interaction. In the winter, prevalence and abundance of X. astia were very similar in both sexes and both age groups, but in the summer both parameters of infestation were markedly higher among juveniles compared with adults.
Perhaps surprisingly, host sex contributed little to the abundance of H. diminuta infection other than through three-way interaction with season and host age arising principally through exceptionally heavy infections in juvenile male rats in the summer. In this respect our data differ from other studies reporting significant sex differences, in which males appear to be more susceptible to H. diminuta infection than female rats (Mafiana et al., 1997) . Such differences between the sexes may result from two factors. Firstly, males tend to range further, which may increase their exposure to infection. Secondly, immunocompetence is generally impaired by male hormones, but enhanced by female hormones (Healing & Nowell, 1985; Bundy, 1988) .
Although body weight is not the most accurate biometric indicator of age in small mammals, a number of previous works have used this to indicate host age (Lewis, 1968; Morris, 1972; Gregory, 1992; Webster & MacDonald, 1995; Mafiana et al., 1997) . Host age has a significant effect upon H. diminuta infections, with adult rats showing higher prevalence and being more heavily infected than juvenile rats except for juvenile males in summer. In the latter case, the juveniles are actively foraging and feeding on the grain beetles and other insects serving as intermediate hosts. Such age-related differences could be related to older rats receiving a longer exposure time to infective stages and the longevity of H. diminuta in its normal mammalian host. Hymenolepis diminuta, once established in its host, can live as long as its host (Read, 1967) and parasite burdens would be expected to accumulate with increasing exposure and age. Moreover, low intensity infections such as those found here are not controlled immunologically, and hence worms will accumulate with age in the population as, with increasing age, more and more rats become exposed and infected (Andreassen et al., 1999) .
In the case of X. astia, there was no clear seasonal pattern of infestation. Older rats showed a lower prevalence in the summer compared with the winter, whilst prevalence was unaltered (males) or even increased (females) among juveniles. This result might be related to a transfer of fleas from adult to juvenile rats in the immediate post-breeding season in early summer, i.e. March±April in Qatar. There appears to be no relationship between prevalence and abundance of infestation of rats with fleas and host size/population density as reported by Rifaat et al. (1969) in Egypt. However, levels of infestation of fleas are maintained in both adult and juvenile rats during the summer and winter periods in Qatar. This suggests that rats, which become less active in summer, inhabit underground burrows with more or less constant conditions of temperature and humidity, which favour the breeding of fleas (Kansouh et al., 1990) .
The prevalence and abundance of helminths may also be influenced by various types of associations between species of parasites, which can be both synergistic (positive) and antagonistic (negative). Such associations can arise for ecological/behavioural reasons, although there remains a possibility that the host immune system may also be involved. Analysis of associations between the tapeworms and fleas established that H. diminuta was more common among rats with fleas compared with rats without fleas, but this general finding was compounded by influences from both extrinsic (seasonal) and intrinsic (host age and sex) factors. The low prevalence of H. diminuta among juvenile rats with X. astia (the exception was male juveniles in the summer) is not unexpected given overall low prevalence among juveniles. Thus, the interaction with season arose mainly because H. diminuta was more common in winter in adult rats of both sexes infested with fleas. In the summer, the apparent reversal of this association, when more rats without fleas seemed to harbour the tapeworms, may have arisen through low sample sizes with just three adult males and two adult females being detected as infested with fleas and, of these, one male and no females carried the tapeworm. This paper has reported an exceptional data set, based on only one helminth and one arthropod species, parasitic on wild rats living in an urban enviroment in a hot and arid region in the Middle East. Our study contributes to the growing wealth of information on the range and variation in the component community structures of metazoan parasites in wild rodents from different regions of the world and from different climatic zones. It is possible that the local market conditions at Abu-Hammour on the urban outskirts of Doha limited parasite species richness to the two species or, alternatively, the local rat population constitutes an isolated population into which other species have not yet been introduced. Further investigations of the parasites of rats from other urban and also rural sites in Qatar are therefore required.
